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ABSTRACT 

The Ice and Fire Preproject defined the first mission set 
of the Outer Planets/Solar Probe Program consisting of 
the  Europa  Orbiter,  Pluto-Kuiper  Express,  and Solar Probe 
missions. The development of low cost, high performance 
spacecraft and propulsion systems, in conjunction with 
the desire to minimize launch vehicle requirements, has 
been a tremendous challenge. Recent developments in one 
area of propulsion, Solar Electric Propulsion (SEP), may 
provide a stepping stone to advanced propulsion systems 
for future missions. Preliminary mission design software 
was  used to discover and analyze SEP trajectories for the 
Ice and Fire missions. Potential benefits to the delivered 
spacecraft mass,  in conjunction with  the  use of small, low 
cost launch systems, were examined. Unfortunately, the 
constraint on solar distance limits the benefits of SEP for 
outer solar system missions. Also, the requirement of a 
large bi-propellent propulsion system for Europa Orbiter, 
in addition to  the SEP system, strongly reduces any  po- 
tential  benefits. SEP may offer  potential  benefits for Pluto- 
Kuiper Express and Solar Probe, but  at the cost of  system 
complexity.  Although  the current technology  may  not  pro- 
vide benefit for these particular missions, the potential of 
SEP, and electric propulsion in general, for other future 
missions is significant. 
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INTRODUCTION 

In the current National Aeronautics and Space Adminis- 
tration (NASA) budget plan, there exists a new proposed 
program aimed at opening the outer solar system to new 
robotic science missions. This program is called the Outer 
Planets / Solar Probe Program and is currently planned to 
begin  in fiscal year 2000’. The first mission set of this 
program, the Ice and Fire missions, includes three very 
challenging missions which are sure to set the standard 
for future missions to the outer solar system: Europa Or- 
biter, Pluto-Kuiper Express, and Solar Probe. 

(NOTE: Since the submission of this  paper,  the Ice and 
Fire Preproject has gained project status and is now called 
the Outer Planets / Solar Probe Project.) 

The Outer Planets / Solar Probe Program will  make  use 
of  the latest technology in order to develop low cost, high 
performance spacecraft . The NASA sponsored Advanced 
Deep Space System Development Program (ADSSDP, 
often referred to as X2000) is chartered to develop this 
technology, in conjunction with industry partners. This 
program will focus on advanced avionics, integrated 
microsystems, and advanced power systems. This tech- 
nology  will provide the foundation upon  which missions 
to  the outer solar system  will  rely  for developing space- 
craft to  be sent to these new  and exciting destinations. 
The Ice and Fire missions plan  to  make  use  of  these  de- 
velopments by flying the same avionics and core soft- 
ware on all three missions. 

In following with the philosophy of “faster,  better, 
cheaper”, missions to  the outer solar system pose  many 
difficult challenges, including those  of extended lifetime, 
severe radiation environments, telecommunications and 
operations over long distances, and spacecraft autonomy. 
Probably  the  most difficult challenge is in the develop- 
ment  of  low cost, high performance propulsion systems, 
which are required for some of  these missions, in con- 
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junction with  the desire to minimize launch  vehicle costs. 
There have  been  recent developments in one area of pro- 
pulsion  which may in fact provide a stepping stone to 
advanced high performance propulsion systems in the 
future: Solar Electric Propulsion (SEP). 

For years, small SEP systems have  been  used  on  Earth 
orbiting spacecraft for stationkeeping. The first interplan- 
etary spacecraft to rely  on SEP  as its primary propulsive 
source is Deep Space 1 (DSl), which is scheduled to 
launch in October 1998. DS1, the first launch of the  New 
Millennium Program, will  use SEP to send a spacecraft 
by  an asteroid and  possibly a comet. This mission  will 
use  technology developed under  the NASA SEP Tech- 
nology Application Readiness (NSTAR) program. Work 
is also underway to build  upon the NSTAR technology 
and develop a multi-engine SEP module for use  on the 
Champollion / DS4 mission  which is planning to launch 
in 2003. The goals of this mission are to rendezvous with 
a comet, map the surface, send a lander to the surface, 
and demonstrate the collection of a sample. These two 
missions will help validate this new technology and lead 
to further low cost developments in the area of electric 
propulsion. SEP may provide new  mission options which 
allow for higher net spacecraft mass andor lower launch 
vehicle performance requirements (thus lowering the cost 
of the launch  system), as compared to conventional  chemi- 
cal propulsion options. 

ASSUMPTIONS AND GUIDELINES 

One of the  main advantages of SEP is  that  nearly con- 
tinuous thrust  can  be provided to the spacecraft at a very 
high specific impulse, thus resulting in a large Av capa- 
bility for a relatively low propellent mass. Several differ- 
ent types of trajectories, including those  with various se- 
quences of planetary gravity assists, have  been analyzed 
for the Ice and Fire missions. Highly efficient ion en- 
gines along  with  gravity assists can be a potent combina- 
tion for maximizing net spacecraft mass andor enabling 
the  use of a relatively small, inexpensive launch vehicle. 

The preliminary  mission  design  software  used in this  study 
to discover and analyze the SEP trajectories simulta- 
neously  integrates  the equations of motion  and  the co- 
state or variational equations. A two-point  boundary  value 
problem is solved to satisfy terminal constraints and tar- 
geting conditions., A more detailed description of  the  pro- 
gram  can be found in Reference 2. 

This software does have a limitation in that it only allows 
for  at  most  two intermediate planetary flybys. However, 
this did not pose a significant problem for this  study.  In 
the cases where three intermediate flybys are required, 

the  third body turns  out  to be always Jupiter. Assuming a 
reasonable solar array  efficiency  and size, the  power  avail- 
able to the  ion engines is below  minimum operational lev- 
els long  before  reaching Jupiter (beyond - 3 A.U.). There- 
fore, in those cases (for Pluto-Kuiper Express and Solar 
Probe) where Jupiter was  the  third planetary flyby, the 
Jupiter encounter was assumed to  be the endpoint of the 
trajectory as  far  as the software was concerned. At  that 
point, a simple V_ matching routine was run, using the 
end conditions provided by the SEP software, and  the  tra- 
jectory was propagated out to the final body. 

The SEP engines are  modeled by approximating the  thrust 
and mass flow rate as polynomial functions of the power 
available from the solar arrays. Measurements of these 
characteristics for the NSTAR 30 cm ion thruster (similar 
to the one to be  flown on DSl) have been  made at the 
NASA Lewis Research Center and at the Jet Propulsion 
Laborat01-y.~ Although there are plans to enhance the per- 
formance of  this  type  of thruster for missions after DS 1, 
the characteristics based  on the current thruster are used 
for the analysis presented in  this  paper. 

The trajectories described  in this paper share several com- 
mon SEP system assumptions. The thrusters can operate 
individually or in  pairs  with at most two thrusters operat- 
ing simultaneously. During the thrusting periods, the en- 
gines are assumed  to operate with a 90% duty cycle (on 
for 90%  of the time). The remaining 10% of  the time can 
be  used for spacecraft operations, which require the en- 
gines to be off. The Delta 11 7925 launch vehicle and a 
7% performance contigency was assumed. Of the total 
power generated by the solar arrays, 100 watts is dedi- 
cated to  the spacecraft, and  the remaining power is avail- 
able to the SEPengines. A 10% margin  was also added  to 
the deterministic Xe propellent load required for the  mis- 
sion. Also, all trajectories assumed  the same NSTAR ion 
engine characteristics as stated above.These assumptions 
hold for each trajectory case, unless otherwise specified. 

EuroDa Orbiter 
The current  reference  mission  for Europa Orbiter is a con- 
ventional direct trajectory to Jupiter launching in Novem- 
ber 2003 and arriving at Jupiter in February 2007. One 
launch  system  under consideration for this option is the 
Space Shuttle (STS) with  an  IUS (Inertial Upper Stage) 
and a Star-48V  kick stage. This trajectory does require a 
deterministic maneuver on the order of 100  d s  about one 
year post-launch. Other maneuvers, such as launch injec- 
tion clean-up and navigation, are also required, as with 
all  planetary  missions. Once the spacecraft arrives at Ju- 
piter,  the  bi-propellent  propulsion system will be  used  to 
inject first into Jupiter orbit, and  then eventually into 
Europa orbit about 2 years after Jupiter arrival. The mis- 
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sion  design  will take advantage of a variety  of techniques 
in order to minimize  the Av requirements for these  phases. 
However,  even  with  these techniques, the requirements 
may still be as high as 2.5  km/s 5.  As stated above, SEP is 
no longer effective at this range, therefore, conventional 
propulsion is still required. A current estimate of the 
Europa Orbiter wet spacecraft mass, including a bi-pro- 
pellent propulsion system, is  on the order of 950 kg. 

Pluto-Kuiper Express 
For the Pluto-Kuiper Express mission, a Jupiter Gravity 
Assist (JGA), when available (2003, 2004, 2015, 2016, 
...), can tremendously boost the performance of a mission 
by maximizing  the possible net spacecraft mass and/or 
by minimizing the required flight time. Currently, the ref- 
erence  mission for Pluto-Kuiper  Express is a ballistic  JGA, 
launching in December 2004, with Pluto encounter any- 
where  from 8 to  16 years later, depending on the space- 
craft mass  and launch system. Launch systems under con- 
sideration for this mission include the Delta I1 7925W 
Star-30C  and  the Delta m/Star-48V. This trajectory re- 
quires only a small mono-propellent propulsion system 
to be  used for navigation and attitude control. A current 
estimate of the  Pluto-Kuiper Express wet spacecraft mass, 
including the mono-propellent propulsion system, is on 
the order of 225  kg. 

Solar Probe 
As  with Pluto-Kuiper Express, the ballistic JGA trajec- 
tory offers very good performance for the Solar Probe 
mission.  However, for Solar Probe, this opportunity oc- 
curs every Earth-Jupiter synodic period (about every 13 
months) and is not constrained by geometry alignment to 
Pluto. The current reference mission for Solar Probe is a 
ballistic JGA, launching in February 2007 with  the first 
perihelion pass scheduled for October 2010 and a second 
perihelion pass in January 2015. The launch system un- 
der consideration for this mission is  the Delta IIUStar- 
48V. A current estimate of the Solar Probe  wet spacecraft 
mass, including the mono-propellent propulsion system 
and  an  advanced  heat  shield  which also serves as the  high- 
gain antenna, is very similar to  that of the Pluto-Kuiper 
Express spacecraft at about 225 kg. 

Common SEP Module ConceDt 
As stated above, the SEP technology  that  would be  used 
for  the Ice and Fire missions is  derived from the NSTAR 
program as well 9s the SEP system development under- 
way  by the DS 1 and Champollion / DS4 missions. Some 
work  was accomplished in the investigation of develop- 
ing a common SEP  stage that could be used for the 
Champollion / DS4, Europa Orbiter, Pluto-Kuiper Ex- 
press, and Solar Probe missions. For  the Ice and  Fire  mis- 
sions, this stage would  be jettisoned after it became no 

longer useful. In the  case of Solar Probe, where  the space- 
craft actually does fall  back into range of SEP effective- 
ness, the system must still be jettisoned due to  the limited 
umbra during the  planned 4 solar radii perihelion pass 
and probable contamination from the SEP system burn- 
up. Estimates for the  dry mass of  this stage were  on  the 
order of 400 kg,  which includes solar arrays, 4 ion en- 
gines, and sufficient tank  volume to hold about 400 kg  of 
Xe propellent. (Although two engines at most  can oper- 
ate simultaneously, up  to four engines are carried to alle- 
viate lifetime and throughput concerns.) In addition, an 
estimated 50 kg  would  be required for the Europa Orbiter 
SEP stage to provide sufficient structure for supporting 
the larger spacecraft. Some additional mass may also be 
required to accommodate higher solar array power lev- 
els. However, for the purpose of this paper, this not con- 
sidered. 

RESULTS 

A summary of  several representative SEP trajectories, and 
their performance, for each of the Ice and Fire missions, 
is provided in Table  1. 

EuroDa Orbiter 
Several types of SEP trajectories to Jupiter were analyzed 
for the Europa Orbiter mission: direct from Earth to Ju- 
piter with  both  more  and less than one complete revolu- 
tion around the Sun, single and double Venus  gravity as- 
sists, Earth gravity assist, and  Venus-Earth  gravity assists. 
Trajectories which include an  Earth gravity assist result 
in a higher net spacecraft mass,  but Earth flybys may  not 
be desirable, for reasons which are beyond  the scope of 
this discussion. Therefore, at the time of this study, only 
the SeVVGA options looked as though  they  may provide 

Venus Flyby 

r -  

Figure I : Europa Orbiter 2004 Se W G A  Trajectory 
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Table I : SEP Trajectory Perjiormance  Summary for Ice and Fire  Missions’ 

1. Flight time to Jupiter for  Europa Orbiter, to Pluto closest approach for  Pluto-Kuiper Express, and to first 

2.  Beginning of Life (BOL) power at 1 AU. 
3. Mass  optimized  for  Delta I I  7925  launch  vehicle except for the following : 

perihelion pass for Solar Probe. 

( ) indicates Delta I I  7925H, < > indicates Medlite - Delta I I  7325(6). 
Net spacecraft mass includes total spacecraft mass (wet) + SEP module dry mass  (does not include 
required Xe propellent + 10% reserve) + launch adapter  mass. 

4. SEP  parameters: LV contingency= IO%, s/c power=  250 W , different  engine  model, all others unchanged 
5. SEP  parameters: LV contingency = IO%, slc power = 0 W , with (a) I ,2, or 3, engines running, or 

6. Incomplete data;  SEP parameters uncertain. 
7.  See Reference 5 for SEP system parameters EXCEPT  for the 29-Jul-02 SeWJGA. 

(b) 1,2,3 or 4 engines running, all others unchanged 

sufficient  performance.  Figure 1 shows  one  such  SeVVGA 
trajectory option  which  launches in March  of 2004. It is 
interesting to  note that the  SeVVGA trajectory has char- 
acteristics similar to the non-SEP  VVGA. The transfer 
types between  encounters  and the phasing  of significant 

* All trajectory  acronyms in this  paper  use  the  following  key : 
Se = SEP, V = Venus, E = Earth, J = Jupiter 
P = Pluto,  and GA = Gravity Assist 

For example : SeVVJGA = SEP Venus-Venus-Jupiter  Gravity 
Assist  trajectory 

“maneuvers” are analogous.  However, the low-thrust SEP 
system requires longer  burn durations as  compared  to a 
conventional  propulsion  system. 

The  net spacecraft mass for the SeVVGA trajectory op- 
tions with  launch dates in 2002 and 2004 is  shown in Fig- 
ure 2. Figures 3 and 4 show  the  required  Xe propellent 
mass  and arrival V_  at Jupiter versus flight time for these 
SEP trajectories. It  is  important to note that higher  V_ 
requirements  at Jupiter would translate into higher Av 
requirements  on  the bi-propellent system for injection into 
Jupiter orbit. 

4 
American Institute of  Aeronautics  and  Astronautics 



1 3 2  3 .   3 8  3 8  4 1.2 4 4  4 8  

FMM Thw to J u p h  (yn) 

Figure 2 : Net  Spacecraji  Mass vs. Flight lime for 
Europa  Orbiter Se W G A  Trajectories 

fllpht Thw 0 JupUet (yn) 

Figure 3 : Xe  Propellent  Mass vs. Flight Time for 
Europa  Orbiter Se W G A  Trajectories 

Figure 4 : Arrival V _  vs. Flight Time for  
Europa  Orbiter Se W G A  Trajectories 

Pluto-Kuiper Express 
As stated earlier, SEP performance is highly  limited by 
the spacecraft's distance from  the Sun. Several different 
types of SEP trajectories, including those  which  take  ad- 
vantage  of a Jupiter gravity assist, have  been analyzed. 

Launch 
12/10/02 
C,=21.4 km'ls' 

T -  

. .  -. < Jupiter Flyby 
*. 11/6/05 30 days between t ic s  .... 

PlutdFlyby ......... .... ... 
61511 1 .... .... ................. 

Figure 5 : Pluto-Kuiper  Expess 2002 SeVJGA 
Trajectory 

These included trajectories which launch directly from 
Earth to Jupiter without an intermediate gravity assist 
(completing either less than or more  than one revolution 
around the Sun) and those with a single or double Venus 
gravity assist prior to the Jupiter gravity assist. For op- 
tions  which  launch after 2004 (when the geometry is such 
that Jupiter no longer provides benefit), trajectories with 
an Earth gravity assist in addition to those with a single 
or double Venus gravity assist were examined. Figure 5 
shows one such  SeVJGA  trajectory  option  which  launches 
in December 2002. Unlike the SeVVGA (Fig. 1) for 
Europa Orbiter,  the type of transfer from Earth to  Venus 
for the Pluto-Kuiper Express SeVJGA trajectory would 
not  be practical when using a conventional propulsion 
system. In general, direct trajectories from Earth to Jupi- 
ter require higher solar array power,  and a larger number 
of thrusters that  can operate simultaneously, in order to 
provide a reasonable  net spacecraft mass. Also, as with 
Europa Orbiter, trajectories which include an  Earth  flyby 
may  not  be desirable options. 

Figure 6 shows the  net spacecraft mass as a function of 
flight time  to Pluto for VJGA and  VVJGA SEP trajecto- 
ries launching in 2002 and 2004. For launches in 2002, 
the  SeVVJGA  has a higher net spacecraft mass  than  the 
SeVJGA for flight times longer  than about 9 years. In 
2004, however,  the SeVJGA outperforms the  SeVVJGA 
over the  range  of flight times shown. The later date of 
the final Venus gravity assist for the SeVVJGA results in 
the  use  of a VJP opportunity which  is later than  that  used 
by the SeVJGA launching the same year. Since a JGA is 
less effective on later dates, the  2004 SeVJGA outper- 
forms  the  2004 SeVVJGA. Even  for launches in 2002, 
the additional time spent in the  inner solar system by the 
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Figure 6 : Net Spacecraft Mass vs. Flight Time for  
Pluto-Kuiper Express SEP Trajectories 

200 I I I i  

Figure 7 : Xe Propellent Mass vs. Flight Time for  
Pluto-Kuiper Express SEP Trajectories 
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Figure 8 : Arrival V _  vs. Flight lime  for 
Pluto-Kuiper Express  SEP Trajectories 

SeVVJGA trajectories proves to  be a substantial penalty 
when the  total flight time  to Pluto is less  than 9 years. 
Depending on  total  flight  time,  the  net spacecraft mass 
usually increases as solar array  power increases above 6 
kW (at 1 AU). Figures 7 and 8 show the required Xe pro- 

pellent mass  and  arrival V_ at Pluto versus flight time  for 
these trajectories. The Pluto arrival V_ has a strong  influ- 
ence on  the science encounter design. There are signifi- 
cant sensitivities to  the spacecraft relative velocity  with 
respect to Pluto and  the requirements on spacecraft slew 
rate  and  stability. 

Solar Probe 
Several different types of SEP trajectories for the Solar 
Probe mission  have  been analyzed previously using a dif- 
ferent set of engine parameters and assumptions.6 A brief 
summary of these analyses and their results are included 
in  Table 1 for completeness. 

For both conventional and Solar Electric propulsion (un- 
der the constraints and assumptions already discussed), it 
turns out that a Jupiter flyby is enabling for a mission 
such as Solar Probe. Interestingly, SEP trajectories simi- 
lar to the ones that use Jupiter for the Pluto-Kuiper Ex- 
press mission  can also be used for the Solar Probe mis- 
sion. Generally, the Pluto-Kuiper Express SeWJGAtra- 
jectories with about 12 year flight times to Pluto result in 
a V_ at Jupiter such that the spacecraft could fall back 
into the Sun, if the correct flyby target is chosen. Figure 9 
shows what one such Solar Probe SeVVJGA trajectory 
may look like. The performance of these Solar Probe SEP 
trajectories is expected to be  very similar to  the corre- 
sponding Pluto-Kuiper Express SEP trajectories. 

Venus Flyby .... 
11 /20/02 

Venus Flyby i 
9/5/04 

Launch c = Coast1 T 7/29/02 - C,=5.59 km'/s2 :: c 
.*. .> ,I 'W' 

/=.., 30 days between tics ..:' 

. x ,  Thrust 
' e .  2,'' To the  Sun 

Venus Flyby .... J 11 /20/02 

. .  . .  . .  
....... Launch c = Coast1 T 7/29/02 - C,=5.59 km'/s2 :: c 

.*. .> ,I 'W' . x ,  Thrust 
' e .  2,'' To the  Sun 

L, 

Jupiter Flyby'.. ... .... .... 2/9/06 * * * e .  ................... 

Figure 9 : Solar Pobe 2002 Se W J G A  Trajectory 

T-  

.... 30 days between tics ..:' 

CONCLUSIONS 

Table 2 summarizes the highest performing SEP mission 
options for Ice and Fire. 
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Table 2 : SEP Mission  Candidates for Ice  and Fire 
Trajectory Delivered Possible xe Net Launch  Power Flight Launch 

Date 
Margin'  (kg) Launch (kg) Mass3 (kg) (km Is ) (W) (yrs) (dd-mmm- 

Mass Spacecraft Propellent4 Spacecraft C? Level2 Time' 

YY) Mass5 (kg) 
Eurupa Orbiter 
SeVEGA I 21-Mar-04 I 4.8 I 6 I 3.61 I 1018 I 101 I 568 1 -427 
SeEGA I 08-Nov-04 I 4.0 I 6 I 0.68 I 974 I 217  524  -471 

1. Flight time to Jupiter for  Europa  Orbiter,  to Pluto closest approach for  Pluto-Kuiper Express, and to first 

2.  Power at 1 AU BOL. 
3. Mass  optimized  for  Delta I 1  7925  launch  vehicle except for the following : 

perihelion pass for Solar Probe. 

( ) indicates Delta I I  7925H, e > indicates Medlite - Delta I I  7325(6). 
Net spacecraft mass includes total spacecraft mass (wet) + SEP module dry mass  (does not include Xe 
propellent) + launch adapter  mass. 

4. Includes 10% margin  on Xe propellent mass 
5. Assumes dry SEP system mass of 450 kg  for Europa  Orbiter,  and  400 kg for  Pluto-Kuiper Express and 

6. Requirements are 950 kg delivered mass for  Europa  Orbiter  and 225 kg delivered mass for Pluto 
Solar Probe. 

Kuiper Express and Solar Probe. Assumes launch  vehicle adapter of 45 kg  for Europa  Orbiter  and 
20 kg for  Pluto-Kuiper Express and Solar Probe. 

7.  SEP parameters : LV contingency = IO%, slc power = 0 W, wl 1,2, or 3 engines, others unchanged 
8.  See Reference 5 for SEP system parameters EXCEPT  for first trajectory listed (SeWJGA 29-Jul-02). 

Europa Orbiter 
For Europa Orbiter, it is clear that the large spacecraft 
mass needed to accommodate the Av requirement after 
Jupiter arrival significantly impacts any potential benefit 
of  using SEP. When  this study began,  the early estimated 
mass of  the Europa Orbiter spacecraft was significantly 
lower than  what  is  assumed here. However, as Table 2 
shows, there would still be a substantial negative deliv- 
ered mass  margin  even  with a smaller spacecraft mass 
requirement. Asignificant reduction in the  required space- 
craft mass (which is currently dominated by the bi-pro- 
pellent propulsion system) may lead to improvements in 
performance when  utilizing SEP. 

There are several other techniques that may provide ad- 
ditional net spacecraft mass for these options, including 
increasing the solar array  power,  the  number of operating 
engines, or possibly  the  flight time. The advantages of  a 
Delta I1 launch  vehicle (assuming a spacecraft plus SEP 
system as large as what  would be required for the Europa 

Orbiter mission  can fit within a Delta I1 payload fairing 
envelope) as compared to a launch vehicle as large as a 
Shuttle may  be significant. However,  the  uncertainty  in 
the design assumptions used for this study, as well as the 
cost, integration, and operational and system complexi- 
ties, involved  with staging a SEP system on a spacecraft 
as large as that  of Europa Orbiter would  be enormous and 
most  likely completely overwhelm any  potential benefits. 

Pluto-Kuiper Express 
As  Table 2 shows,  the  Pluto-Kuiper  Express  mission  could 
possibly  benefit  from  the  use of current SEP technology. 
The  system  currently  being  developed  for  the 
Champollion/DS4 mission  may be consistent with  what 
could be  used for this mission. A reduction of flight  time, 
from  the  possibly 16 years  required for the reference mis- 
sion on a Delta I1 launch  vehicle, is possible. However, 
as with the  Europa  Orbiter  mission,  uncertainties and com- 
plexities involved  with incorporating a  SEP system for 
this  mission  make it unclear as to  whether any overall 
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improvement of  the  mission  actually exists. The same 
improvements in flight  time may  be possible by launch- 
ing in  2003, which provides better overall performance 
than  the reference 2004 option, or by utilizing a slightly 
larger launch vehicle, such as the  Delta III. The slight 
increase in cost here may be much  more desirable than 
the costs of development, implimentation, integration and 
operation of a SEP system. Possibly, some of the alter- 
nate techniques discussed above for the Europa mission 
may also provide added  benefit to using SEP for the Pluto 
mission. 

Solar Probe 
The potential benefits for using SEP for the Solar Probe 
mission are quite similar to those of the Pluto-Kuiper 
Express mission. As  mentioned earlier, the performance 
of SEP missions for Solar Probe are quite similar to cer- 
tain Pluto-Kuiper Express trajectories up to the Jupiter 
flyby. For these reasons, the same level of detail was  not 
given to Solar Probe as was to the Europa Orbiter and 
Pluto-Kuiper  Express SEP opportunity  search. Solar Probe 
currently does not  have  the driving design issues, such as 
mass and flight time, that do challenge the Europa and 
Pluto missions. The potential enhancements of  SEP,  there- 
fore, would be less significant still. And again, the small 
cost savings from using a Delta 11 launch vehicle as com- 
pared to the  reference  Delta III is likely  to be overwhelmed 
by the costs and complexities involved with implement- 
ing a SEP misison. For missions such as Solar Probe, low 
thrust options such as solar sails may provide the perfor- 
mance benefits required for serious consideration, once 
the technology  is available. 

In summary, the current technology  level of Solar Elec- 
tric Propulsion does not appear to offer  any significant 
performance improvements for the Ice and Fire missions. 
Clearly, however,  the  potential of this  technology is tre- 
mendous. Advancements in the area of higher efficiency 
solar arrays and further reduction  of SEP system mass 
may  lead  to further applications of  this  technology. The 
constraint on solar distance does pose a problem for mis- 
sions to the outer solar system. When trying to minimize 
the launch system requirements, spacecraft must spend a 
great deal of time in the inner solar system in order to 
build up sufficient energy to reach  the outer planets. The 
potential of electric propulsion beyond  the constraints of 
the  sun  (Le.  nuclear electric propulsion) could be signifi- 
cant.’ Perhaps one day in the not so distant future, elec- 
tric  propulsion will truly  open  the  outer solar system to 
human exploration as well as other scientific missions. 
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